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Th e full p olicy c a n b e fou n d h e r e . Alt e r n a tiv ely c o n t a c t t h e U niv e r si ty of C u m b ri a R e p o si t o ry E di t o r by e m aili n g in si g h t @ c u m b ri a. a c. u k . environments. Here we analyze the variation in killer whale high-frequency (>17 20 kHz) whistles recorded off Norway, Iceland, and the North Pacific. We used a 21 combination of methods including multivariate comparisons of spectral and 22 temporal parameters and categorization of contours to types. Our results show that 23 spectral and temporal characteristics of high-frequency whistles recorded in the 24 North Pacific show significant differences from whistles recorded in the Northeast 25 Atlantic, being generally stereotyped, lower in frequency, and slightly longer in 26 duration. Most high-frequency whistles from the North Pacific were downsweeps, 27 while this was one of the least common types recorded in the Northeast Atlantic. 28
The repertoire of whistles recorded in Norway was similar to Iceland, but whistles 29 produced in Norway had significantly lower maximum frequency and frequency 30 range. Most methods were able to discriminate between whistles of the North 31 Pacific and the Northeast Atlantic, but were unable to consistently distinguish 32 whistles from Iceland and Norway. This suggests that macro-and 33 microgeographic differences in high-frequency whistles of killer whales may 34 When describing geographic variation in acoustic signals it is useful to divide 41 differences into macrogeographic or microgeographic variation, depending on 42 whether populations being compared are neighboring, making interbreeding and 43 social interaction a possibility, or geographically separated, and thus socially and 44 reproductively isolated (Mundinger 1982) . Comparative studies of odontocete 45 whistles have shown more pronounced inter-than intra-specific variation in whistle 46 spectral parameters, which could arise if intra-specific variability is constrained to 47 occur within a species-specific framework (Steiner 1981 , Ding et al. 1995a , Matthews 48 et al. 1999 , Podos et al. 2002 . Variation in whistle structural 49 parameters has previously been described for populations of the same dolphin species 50 both at microgeographic (e.g., Azevedo and Van Sluys 2005, Morisaka et al. 2005 ) 51 and macrogeographic levels (e.g., Camargo et al. 2006 , Baron et al. 2008 ). Intra-52 specific geographic variations may occur due to genetic divergence, adaptations to 53 local environments or cultural differences (Janik 2009 There are known differences in the structure and use of pulsed calls and whistles 68 between different killer whale populations. In the North Pacific, pods of resident 69 (fish-eating) killer whales produce unique and stable repertoires of stereotyped pulsed 70 calls (Ford 1989 (Ford , 1991 . These calls differ between matrilines within pods (Ford 1991, 71 Miller and Bain 2000, Deecke et al. 2010) , and to a lesser degree between individuals 72 within the same matriline (Nousek et al. 2006 ). The stability of resident pods may 73 explain why the variation in pulsed calls primarily encodes group, rather than 74 individual, identity (Tyack 1986 ). Killer whale whistles are generally more complex 75 and longer than other delphinid whistles (Thomsen et al. 2001 ) and some have 76 stereotyped frequency contours that are often produced in complex sequences (Riesch 77 et al. 2006 (Riesch 77 et al. , 2008 . Resident killer whale groups in British Columbia that do not share 78 pulsed calls share stereotyped whistles, which may provide a community-level means 79 of recognition, facilitating social interactions (Riesch et al. 2006 ). Transient 80 (mammal-eating) killer whales in the North Pacific also produce stereotyped whistles 81 and the repertoire seems to be shared by all members of the population ( Norway were in contact in the past and their acoustic repertoires were similar, it is 109 possible that sufficient time has passed for call repertoires to have diverged -110 explaining the pattern observed today. We might then expect that other signals 111 produced by these whales may also show divergence. A divergent call repertoire may 112 serve as a population-identifier, however, the extent of stereotypy and geographic 113 variation in other signals is little understood. 114 (Table 1) . Further details of all systems used and data collected are given in 143 Samarra et al. (2010) . High-frequency whistles analyzed here are the same as those 144 reported in that study, including whistles with frequency contours at least partially 145 below 48 kHz (up to 48 kHz whistles) and whistles with frequency contours entirely 146 above 48 kHz (>48 kHz whistles), when available. Only 2.6% of whistles at least 147 partially below 48 kHz recorded at 192 kHz sampling rate crossed 48 kHz, i.e. had 148 minimum frequency below 48 kHz and maximum frequency above 48 kHz. This 149 suggests that the lower sampling rate of 96 kHz likely resulted in a negligible loss of 150 whistles with frequency contours at least partially below 48 kHz that could be 151 sampled. High-frequency whistles were defined as signals with contours entirely 152 above 17 kHz (Samarra et al., 2010) , as this was the maximum frequency previously 153 reported for killer whale whistles (Thomsen et al. 2001) . 154
To compare whistles produced in the Northeast Atlantic with those produced by killer 155 whales in the North Pacific, we analyzed high-frequency whistles described by 156 Pacific where contours were also entirely above 17 kHz. Table 1 shows the total 172 number of whistles analyzed from each location. We pooled all data from the North 173
Pacific for subsequent analyses, as sample sizes were too small to compare each 174 location separately. Following inspection of recordings using Adobe Audition 2.0 175 Hz; time resolution=0.667 ms). The following descriptive parameters were measured 180 from the extracted fundamental frequency contour: start, half-way duration point 181 (mid) and end frequency, minimum and maximum frequency, frequency range 182 (maximum-minimum frequency) and duration. 183
All high-frequency whistles were assigned a quality score based on visual 184 assessment of signal to noise ratio and overlap with other sounds, between 1 (poor, 185 when the signal was barely detectable in the spectrogram) and 3 (high, when the full 186 contour was clearly visible). Only clearly visible contours (of quality 3) with 187 sufficient signal-to-noise ratio to extract the measurements required were extracted in 188 our data sets from both ocean basins. It is likely that some whistles in our sample 189 and for those individuals that were resighted at least once (52 of 86) the number of 198 resightings was 4 ± 2 [1; 9]. Recordings in the North Pacific were mostly from a 199 single day in each location, and group sizes were generally not available (Table 1) 
. It 200
was not possible to identify which individuals produced high-frequency whistles 201 recorded in this study, however, it is unlikely that the sampling procedure across 202 different days or across wide geographic areas (such as for the North Pacific data) 203 biased the repeated sampling of a small number of individuals within each location. 204 205
Stereotypy of high-frequency whistles 206
To investigate whether, like pulsed calls, high-frequency whistles fell into stereotyped 207 categories, the data set was categorized using two different methods: 1) visual 208 categorization by human observers as commonly used to identify whistle types and; 2) 209 automated categorization using ARTwarp (Deecke and Janik 2006) . 210 211 1) Categorization by a human observer 212
We first conducted visual classification by a human observer using the entire sample 213 of high-frequency whistles to identify differences in the repertoires of different 214 ARTwarp compares the similarity between an input contour and a contour that 241 defines each category (reference contour) to a user-defined similarity value, called the 242 vigilance parameter, to decide how each input contour should be categorized (Deecke 243 and Janik 2006) . To find the categorization that would explain most variation in high-244
frequency whistles with the least number of categories, the vigilance parameter was 245 set to values between 0% and 100% in 50 logarithmic steps, and the subset of 246 contours was categorized for each vigilance parameter value. The optimal 247 categorization should have the highest variance ratio, calculated as the ratio of 248 average within-category similarity over average between-category similarity as in 249 Deecke and Janik (2006) . This method was adopted because it has successfully 250 classified the signature whistles of bottlenose dolphins and pulsed calls of killer 251 whales (Deecke and Janik 2006) . 252
253

Multivariate analysis of variation in time-frequency parameters 254
We conducted a multivariate discriminant function analysis (DFA) to investigate 255 differences between whistles from different locations. All frequency and time 256 parameters were included, except frequency range, as it is already represented by 257 minimum and maximum frequency. We used location as the grouping variable 258 We measured the parameters of 985 high-frequency whistles (n Iceland = 570; 268 n Norway = 256; n Pacific = 159). One of the whistles in our sample (from Norway) was a 269 clear outlier, with duration of 4.2 s, much longer than the majority of remaining 270 whistles and was removed from the analyses. Table 2 presents whistles with fundamental frequency contours entirely above 48 kHz (Fig. 3) . 280
Whistles with contours entirely above 48 kHz were recorded in a small number of 281 encounters (n Iceland = 4; n Norway = 2). They appeared as clear outliers in the 282 distributions and were thus removed from the comparisons of parameter distributions 283 ( Fig. 3) . 284
There was considerable overlap between the distributions of some of the contour 285 parameters from Iceland and Norway (Fig. 3 
Categorization by a human observer 306
The visual classification of whistles showed that in Iceland the majority of 307 whistles were upsweeps, followed by descending-ascending whistle types, while in 308 Norway, upsweeps and descending-ascending whistles were equally common (Table  309 3). Overall, the different whistle types recorded from Norway and Iceland largely 310 resembled each other in spectral and temporal characteristics (Fig. 2) , in agreement 311 with the similarities suggested by the overlapping parameter distributions. In contrast, 312 whistles from the North Pacific were all downsweeps, with only one whistle being 313 F o r P e e r R e v i e w 14 classified as 'Other'. These clear differences in repertoire correspond to the 314 differences in extracted frequency parameters (above). Nevertheless, the simple 315 structure of downsweeps recorded in the North Pacific was similar to that of the few 316 downsweeps recorded in the Northeast Atlantic (Fig. 2) . 317 318 Categorization using an automated method 319
An assessment of the geographic variation of whistles was also completed using 320 50 randomly chosen whistles from each location. The results of the ARTwarp 321 categorization showed that an increase in the vigilance parameter resulted in an 322 increase in the number of categories generated. The chosen categorization divided the 323 150 high-frequency whistles into 27 categories, containing between 1 and 18 contours 324 (mean ± standard deviation of contours in each category: 6 ± 4.6). This categorization 325 corresponded to the local maximum in variance ratio achieved when the vigilance 326 parameter was 95.6%. All but five categories included more than one whistle. Of the 327 five categories containing only one whistle one category contained one whistle from 328 the Pacific, two categories contained single whistles from Norway, and two categories 329 contained single whistles from Iceland. Of the 22 categories with more than one 330 whistle, five included only high-frequency whistles from the Pacific. The remaining 331 high-frequency whistles from the Pacific were grouped into three more categories that 332 also included whistles from Norway: two categories containing only two whistles 333 To investigate whether discrimination between Iceland and Norway was more 362 apparent within whistle types, discriminant function analyses were carried out for the 363 two most common whistle types (upsweeps and descending-ascending) at these 364 locations. Descending-ascending whistles were correctly classified at rates of 60% 365 and 66.7% for Iceland and Norway, respectively. Overall correct classification was of 366 62.7%, compared to a by-chance proportion of 50%, suggesting a slight improvement 367 in classification when using this whistle type, but still considerable similarity between 368 locations. The overlap in the distribution of the discriminant scores resulting from the 369 first discriminant function is presented in Figure 5 , illustrating how the discrimination 370 between these two locations was poor. Correct classification of upsweeps was 58.7% 371 and 58.5% for Iceland and Norway, respectively. For upsweeps, overall correct 372 classification was 58.6%, compared to a by-chance proportion of 50%, which also 373 suggests an overlap in the discriminant scores within this type (Fig. 5) . Whistles recorded in the North Pacific had consistently lower frequency 412 parameters, while frequency range was significantly higher in the North Pacific than 413 in either of the Northeast Atlantic populations. Differences in duration were less 414 pronounced and significant differences were only detected in comparison to Iceland. 415 The discriminant function analysis was able to correctly classify the vast majority of 416 whistles from the North Pacific, assigning duration and maximum and end frequency 417 as main discriminating predictors. Whistle types identified were also considerably 418 different between ocean basins; while downsweeps were the most common whistle 419 type in the North Pacific, this whistle type was uncommon in the Northeast Atlantic. 420
The automated categorization also grouped most whistles from the Pacific into 421 distinct categories. This divergence in whistle types will likely influence some of the 422 observed differences in frequency parameters particularly the start, mid and end 423 frequency but does not explain differences in minimum and maximum frequencies, 424 which should not be affected by whistle shape. Thus, we believe that the observed 425 differences in frequency parameters between ocean basins are not exclusively due to 426 differences in whistle type usage but reflect a real divergence in the whistle frequency 427 ocean basins recordings were collected over wide geographic areas, and we therefore 437 cannot identify large and consistent habitat differences that could clearly explain the 438 patterns of variation observed in this study. Body size, however, is known to vary 439 between the two ocean basins; killer whales in the Northeast Atlantic in general have 440 smaller body sizes than killer whales in the Northeast Pacific (Christensen 1984, 441 Stenersen and Similä 2006), but Northeast Pacific offshores have smaller body size 442 than resident and transient killer whales (Ford et al. 2000 , Dahlheim et al. 2008 . 443
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